During the life cycle of retroviruses, the viral genomic RNA is transcribed to DNA, some of which is integrated into the host chromosome (4) . This crucial function carried out by viral encoded reverse transcriptase is obligatory for establishment of infection (42) . Although the mechanism of reverse transcription is quite complex (16) and not fully understood, several forms of double-stranded viral DNA including linear, circular, and supercoiled DNAs have been reported in infected cells (41) . Both the in vivoand in vitro-synthesized viral DNAs have two types of genome-length molecules (2, 6, 15, 20, 32) : (i) those that contain 5'-end genomic sequences (U5) repeated at their 3' end (U3), forming a structure 5' . . . U3U53' and (ii) those that, in addition to having 5' genomic RNA sequences repeated at their 3' end, also contain 3' genomic RNA sequences repeated at their 5' end, forming a structure 5'-U3U5 ... U3U5-3'.
However, analysis of the integrated viral DNA shows only structures containing U3U5... U3U5 sequences (21, 31) . The U3U5 unit is referred to as the long terminal repeat (LTR).
The biological function ofthe LTR is not clearly understood, but its structure warrants several speculations. The LTR contains control elements for both the promotion (14a, 44) (11, 19, 25, 34, 38) has shown: (i) direct duplication of sequences at the termini of viral DNA, i.e., LTRs; (ii) inverted repeats at the termini of each LTR; and (iii) direct repeat of adjacent cellular sequences at both termini of proviral DNA. These structural attributes of LTRs are reminiscent of structures associated with bacterial transposons (7, 8) TY] elements of yeasts (14) , and the copia element in Drosophila (13) . In this manuscript, we have analyzed and compared the nucleotide sequences of several LTRs from murine retroviral DNA. The host-viral junctions of two molecularly cloned, integrated, infectious AKR-murine leukemia virus (MLV) DNAs (24) have also been MLV LTR
MATERIALS AND METHODS
Recombinant DNA. The construction of recombinant DNA clones X-AKR-MLV DNA (clones 623 and 614) (24) , plasmid pMLV-lA containing the unintegrated form of Moloney MLV (Mo-MLV) DNA (3, 39) , plasmid pMLV-101 containing the 5' half of an integrated form of Mo-MLV (38) , and clone XAMSV-1 (43) containing unintegrated form of Moloney mouse sarcoma virus (Mo-MSV) with inverted LTRs have been described. The construction of the Mo-MLV cDNA clone pMLV-201 has also been previously described (38) .
To molecularly clone from uninfected cells a DNA fragment in which the AKR-MLV DNA had integrated, we used the following approach. About Fig. 4 ). In both cases, the DNA fragments were tailed with oligodeoxycytidine and annealed to oligodeoxyguanosine-tailed, PstI-cleaved pBR322 DNA, followed by transformation as has been described (9, 22) . The 32P-labeled probes were made by nick translation, and specific activities of 3 x 10' to 5 x 107 cpm/,Lg of DNA were usually obtained. After hybridization of the blot of NIH/3T3 DNA to nick-translated pAKR-LC-623 DNA, a single band in the size range of 7 to 8 kbp was detected. The 7-to 8-kbp region of the remainder of the agarose gel was cut, eluted, and retested for hybridization to pAKR-LC-623 DNA and to a fragment containing only cellular sequences. The size of the fragment was that predicted, since the X-AKR-623 DNA is 16.4 kbp long and the AKR-MLV DNA is about 8.8 kbp. About I to 2 ,ug of the cellular DNA was ligated to 5 ,ug of separated arms of modified A phage Charon 4a as described previously (5) . The ligated material was packaged in vitro and assayed for viable phage. One positive clone was isolated after screening 10,000 to 20,000 plaques. The primary plaques were purified by two rounds of screening to obtain a pure plaque population.
Sequence determination procedures. The chemical modification method of DNA sequencing as described by Maxam and Gilbert (26) was used. Sequence ladders were displayed on 6, 12, or 18% polyacrylamide-8 M urea gels 0.04 cm thick.
RESULTS
Comparison of sequences of LTRs. Since the LTR sequences may be involved in the integration and transcription of viral DNA, we were interested to determine whether different murine retroviral LTRs share some common features. Size and sequence heterogeneity of the LTR of murine C-type viruses have been predicted by Rands et al. (28) on the basis of restriction endonuclease mapping of ecotropic MLV DNAs. We have refined this analysis further by determining the nucleotide sequence of several MLV LTRs. Figure 1 shows a diagrammatic sketch of the comparison of nucleotide sequences of LTRs from various murine retroviral DNAs (11, 29, 38) . The complete nucleotide sequence of several of these LTRs is given below (see Fig. 6 (27) . Another control signal CCAAT, located around position -80 and implicated in transcription (10, 17) , is present in all cases at a similar position. (v) Some LTRs, for instance those of AKR-614, pMLV-lA, and pMSV-12 reported here and that of ml-MSV (11), contain an internal duplication of sequences ranging from 58 to 100 base pairs (bp). However, other LTRs like pMLV1-101 (38) or pMLV-201 (36) , containing 3' LTR, do not contain duplication of sequences. (vi) All proviral LTRs have lost two A residues at the 5' and 3' termini, whereas the LTRs from unintegrated viral DNAs retain the terminal two A residues. It should be noted that the loss of two A residues in the 3' LTR sequence derived from cDNA clone pMLV-201 probably occurred during S1 nuclease treatment (36 In the direction opposite to the genomic RNA transcription, the largest possible protein synthesized is less than 7 kilodaltons. Since no mRNA encoded by a murine type C retroviral LTR has been reported, the role of splicing in generation of an RNA molecule which can encode a protein cannot be ruled out.
Inversion of LTR in Mo-MSV. Although the LTR appears to be structurally analogous to movable genetic elements, no transposition of LTRs has been observed in the infected cell DNA. Shoemaker et al. (35) have, however, reported variants of molecularly cloned Mo-MLV DNA in which one of the LTRs integrated into the viral DNA, thus creating a molecule in which the two LTRs are not adjacent to each other. A similar situation has now been encountered in a molecularly cloned Mo-MSV DNA.
We have previously described the molecular cloning of the circular form of unintegrated Mo-MSV DNA containing two LTRs in bacteriophage ) and its subsequent subcloning in pBR322 (43) . Since the circular DNA was cleaved at the HindlIl site, the molecular clone was permuted with respect to the linear viral DNA. However, the two LTRs should be present adjacent to each other as shown in Fig. 2 MLV LTR 545 (structure I). Out of a total of three clones analyzed, two clones appeared to have structure I, whereas in the third Mo-MSV DNA clone, A-MSV-1 (43; subcloned in pBR322, pMSV-12), the LTRs are not adjacent but separated by a stretch of 321 nucleotides (structure II). Furthermore, the 5' LTR is inverted from the expected orientation in Fig. 2 (24) . We wanted to determine the nucleotide sequence of host-viral junctions of these two proviral DNAs. In particular, we wanted to determine whether the viral DNA has any preference for host sites. Figure 3 shows the nucleotide sequence of the junctions of AKR-MLV DNAs and mouse cellular DNAs. The inverted repeats at the termini of an LTR define the boundary of the viral sequences. In the case of AKR-623 DNA, the 5' LTR and host junction is ACAA, whereas the 3' LTR and host junction is ACAT. In all the retroviral DNAs analyzed so far, the terminal two nucleotides are lost during the integration process. Assuming that similar rules apply to AKR-623 DNA, there appear to be either 3-or 4-nucleotide direct repeats of cellular sequences. If one out of the two terminal A residues is retained at the 5' junction, then the repeat is 3 nucleotides. Alternatively, the repeat is 4 nucleotides, and 1 nucleotide at either the 5' or 3' junction has undergone transversion.
In the case of AKR-614, the direct cellular repeat is 5 nucleotides (Fig. 3) . Again, the terminal two A residues are lost during integration. It is interesting to note that the two AKR MLV DNAs, depending on their site of integration, Nucleotide sequence of preintegration site. In the proposed models for integration of movable genetic elements, it is imperative that the direct cellular repeat sequences be present only once at the site of integration (33, 35) . Since we were not sure whether the direct cellular repeat is 3 or 4 nucleotides in the case of AKR-623, we determined the nucleotide sequence of the preintegration site for AKR-623. Figure 4 shows the characterization of the recombinant DNA clone, X-NIH-623, containing the preintegration site. The ethidium bromide staining pattern (Fig. 4B,  lane a) shows that after cleavage with EcoRI, two inserts of an average size of 7.0 and 7.8 kbp, in addition to the A Charon 4a arms, can be identified. However, when the DNA from the same gel is transferred to cellulose nitrate and hybridized to a nick-translated probe made from pAKR-LC-623 DNA, only the 7.8-kbp insert can be identified (Fig. 4B, lane b) . The same 7.8-kbp band hybridizes when the filter is hybridized to nick-translated X-AKR-623 DNA (Fig. 4B, lane  c) . In addition, however, the A arms and some uncut DNA can also be identified. (Fig. 4B, lanes d  and g) . Digestion with BamHI and hybridization to pAKR-101 DNA should show a major band at about 2.8 kbp and a 6.0-kbp band containing NIH-623 and X right arm sequences (Fig. 4B , lane e). On the other hand, hybridization of the BamHI digest to pAKR-102 DNA should show only the 6.0-kbp fragment (Fig. 4B, lane h) .
Digestion with BamHI and EcoRI and hybridization to pAKR-101 DNA should yield the 2.8-kbp band and a smaller 1.4-kbp fragment because EcoRI cleaves at the junction of NIH-623 and X right arm (Fig. 4B, lane f) . However, hybridization of pAKR-102 DNA of the BamHI-EcoRIdigested DNA should yield only one fragment of 1.4 kbp (Fig. 4B, lane i) . Thus, it appears that the 7.8-kbp insert of X-NIH-623 DNA has a restriction endonuclease pattern similar to t-hat of the flanking cellular sequences of X-AKR-623 DNA.
The nucleotide sequence of the preintegration site and flanking sequences is shown in Fig. 5 . A sequence ACAT which constitutes the direct cellular repeat of X-AKR-623 can be identified to occur once. This sequence is flanked at its 5' and 3' ends by sequences which overlap with flanking cellular sequences of X-AKR-623. It is difficult to decide whether the direct cellular repeat in AKR-623 is 3 or 4 nucleotides.
A striking feature of the sequences flanking the preintegration site of AKR-623 DNA is the apparent homology with viral LTR sequences. A sequence TTCC at the 5' end and TGAA at the 3' end of the preintegration site have homologous sequences in the inverted repeats of 3 A comparison of the nucleotide sequence of several integrated and unintegrated murine retroviral DNA LTRs allows certain generalizations. (i) The U5 region of the LTR is relatively conserved when compared with the U3 region, which undergoes rather extensive changes, including deletions and substitutions (Fig. 1) . The heterogeneity in the U3 region is extensive enough in that we were able to prepare a Mo-MLV specific probe from the U3 sequences (40) . Similar conclusions were reached when the nucleotide sequences of several avian retroviral DNAs were compared (23, 37 (18, 30) . It has been shown that when only one copy of the 72 bp is present, no effect on the transcription of simian virus 40 is observed (1), whereas when both copies of the 72-bp repeat are removed, no transcription is detected. We have previously shown that pMLVI-101, containing only one copy of repeat sequences in the 5' LTR, is infectious when ligated to a Mo-MLV DNA containing the 3' half of the molecule (3) .
One of the salient features of transposable elements is duplication of host sequences at the site of integration. The proviral DNAs have also been shown to generate duplication of the host DNA as witnessed by the presence of direct repeat of cellular sequences at its termini (11, 19, 25, 34) . The number of bases involved in the duplication ranges from 6 bp in MMTV and ev-1 proviral DNA to S bp in the case of spleen necrosis virus (SNV) and 4 bp in the case of several murine retroviral DNAs. Two integrated AKR-MLV DNAs have been analyzed in this report. One of them, AKR-623, generates a 3-or 4-bp repeat, whereas the other, AKR-614, creates a 5-bp direct repeat. Because the sequence at the 5' junction is ACAA and that at the 3' junction is ACAT, there is an uncertainty in the precise assignment of the size of the direct cellular repeat in the case of AKR-623. The preintegration site in the case of AKR-623 is ACAT, similar to that of the 3' junction. A single base mutation at the 5' junction could account for the difference. Alternatively, it may be that the direct repeat is only three nucleotides and that only one instead of two A residues is lost at the 5' terminus. Another explanation may be suggested as a result of sequence analysis of a two-LTR clone of . This clone has the sequence TTAAA at the junction of the LTRs, so that a loss of the terminal two A residues from such a clone would still leave a 5'-terminal A on the 5' LTR. Since all murine retroviral DNAs analyzed so far, including the inverted LTR variant reported here, show a 4-bp repeat, it is tempting to suggest that AKR-623 also has a 4-bp repeat. However, in the case of AKR-614, the direct repeat appears to be 5 bp. Thus, AKR viral DNA seems to be an exception among murine retroviral DNAs, being able to integrate either by generating 3-or 4-bp repeats or by creating a 5-bp repeat of host sequences at its termini. It appears from various retroviral DNA data that the virus and not the host determines the number of nucleotides duplicated at the site of integration. For instance, Mo-MSV grown in heterologous mink cells also shows a 4-bp repeat like that of other murine retroviruses. Among avian viruses, SNV and ev-1 generate different-size direct cellular repeats, namely, 5 and 6 bp, respectively. The observation that AKR-MLV DNA integrated at two different sites in the same host generates a different number of duplicated sequences is in agreement with this notion.
An important constraint in the mechanism of integration of transposable elements is that duplicated cellular sequences can be present only once at the site of integration (33) . This has been demonstrated in the case of MMTV and ev-1 virus (19, 25) . In this manuscript, we have also shown that the cellular sequences constituting the direct repeat in the case of AKR-623 DNA are present only once in the preintegration site. In the case of MMTV and ev-1, there seems to be no apparent homology between the flanking cellular sequences and viral LTRs. However, in the case of AKR-623, one nucleotide to the left of the preintegration site is a sequence TTTC homologous to TTTC at the 3' terminus of 3' LTR (Fig. 5) . Similarly, a sequence TGAA immediately to the right of the preintegration site is homologous to TGAA present at the 5' terminus of 5' LTR (Fig. 5) . Thus, had a circular form of AKR-MLV been the precursor to the AKR-623 clone, there would have been considerable sequence homology between cellular DNA and viral LTRs at the site of integration. (i) pMLV-lA. The circular form of unintegrated Mo-MLV DNA containing one LTR was molecularly cloned as described previously (3) .
(ii) pMLV-201. The construction and nucleotide sequence of the viral DNA contained in pMLV-201 has previously been described (36) . There were reported to be a few nucleotide changes in the LTR sequence of pMLV-201 when compared to the LTR sequence of pMLVI-101 (an integrated Mo-MLV DNA clone) (3, 38) . In particular, at positions -25 to -31 from the 5'-cap nucleotide, the sequence in pMLV-201 was CAAAAAA as compared with CAATAAA in pMLVI-101. We have independently determined the nucleotide sequence of the LTR in pMLV-201 and found only one of the original three changes (at position 88, i.e., -362 from the 5'-cap nucleotide).
(iii) pAKR-614. The 13-kbp insert from integrated A-AKR-614 DNA (24) was cleaved with restriction endonuclease EcoRI and subcloned in the unique EcoRI site of plasmid pBR322. The nucleotide sequence of the LTR of AKR-623 DNA is identical to that of AKR-614 DNA.
(lv) pMSV-12. The circular form of unintegrated Mo-MSV DNA containing 2 LTRs was molecularly cloned as described previously (43) . In pMSV-12, the 3' LTR integrated into the viral DNA at 463 nucleotides from the 5'-cap nucleotide. Furthermore, the 3' LTR is inverted in its orientation with respect to the 5' LTR as shown in structure II of Fig. 2 .
